The aim of this study was to determine the test-retest reliability of an automated infrared-assisted, trunk accelerometer-based gait analysis system for measuring gait parameters of healthy subjects in a hospital. Thirty-five participants (28 of them females; age range, 23-79 years) performed a 5-m walk twice using an accelerometer-based gait analysis system with infrared assist. Measurements of spatiotemporal gait parameters (walking speed, step length, and cadence) and trunk control (gait symmetry, gait regularity, acceleration root mean square (RMS), and acceleration root mean square ratio (RMSR)) were recorded in two separate walking tests conducted 1 week apart. Relative and absolute test-retest reliability was determined by calculating the intra-class correlation coefficient (ICC 3,1 ) and smallest detectable difference (SDD), respectively. The test-retest reliability was excellent for walking speed (ICC = 0.87, 95% confidence interval = 0.74-0.93, SDD = 13.4%), step length (ICC = 0.81, 95% confidence interval = 0.63-0.91, SDD = 12.2%), cadence (ICC = 0.81, 95% confidence interval = 0.63-0.91, SDD = 10.8%), and trunk control (step and stride regularity in anterior-posterior direction, acceleration RMS and acceleration RMSR in medial-lateral direction, and acceleration RMS and stride regularity in vertical direction). An automated infrared-assisted, trunk accelerometer-based gait analysis system is a reliable tool for measuring gait parameters in the hospital environment.
Introduction
The overall prevalence of gait disorder in a population-based cohort of 488 older (ages 60 to 97 years) community-dwelling participants was 32% [1] . Studies have shown that 60% of hospitalized patients with neurologic disorders and 50% of those in a nursing home had a gait disturbance [2, 3] . Patients with gait disorders suffer from reduced mobility, diminished quality of life, falls, major fractures, head trauma, and reduced survival [4, 5] . As many as 30% of people aged 65 years and older fall each year [6] . In a pooled analysis of nine cohort studies, gait speed was associated with survival, with a hazard ratio per 0.1 m/s gait speed of 0.88 (95% CI 0.87-0.90) [7] . Therefore, clinical gait analysis is crucial in determining the diagnosis, severity, progress, and prognosis of patients with gait disorder [8] .
In routine clinical practice, establishing the reliability of gait analysis is essential for clinicians to evaluate and interpret the measurement results [8] . Clinical gait measurements should be
Materials and Methods

Participants
Healthy adults were recruited from the rehabilitation department of a teaching hospital in northern Taiwan. Inclusion criteria were the following: (1) age ě 20 years; (2) the ability to accept and follow verbal instructions; and (3) the ability to walk independently without walking aids. Exclusion criteria were the following: (1) any systemic disease (e.g., diabetes, hypertension, or rheumatic disease); (2) any neurologic disease that may affect gait (e.g., Parkinsonism, stroke, or ataxia); (3) prior spine or lower extremities surgery; and (4) any comorbid condition that interferes with gait. All participants agreed to participate in the study and signed an informed consent form prior to examination. The study was approved by the medical ethics committee of the hospital.
Experimental Protocol
To determine test-retest reliability, study participants were tested with an interval of 1 week in between tests. Both assessments were performed at the same time of the day, at the same location, and by the same assessor. All participants walked twice at a self-selected speed along the corridor on a 5-m walking path with an even surface in the hospital's department of rehabilitation ( Figure 1 ). The participants wore their usual shoes, excluding sandals, slippers, and high-heeled shoes. The wireless accelerometer unit was attached to the L3-L4 spinal segment of the lower back using an elastic belt. This position was chosen owing to its proximity to the center of mass, provided that the sensor is kept in the midline [13] . Participants were allowed 1.5 m for gait initiation and termination and 8 m for total walk. The middle 5 m was used for analysis and determined automatically by the system with and without IR assist (Figure 2 ). Participants were instructed to walk safely in a usual manner. The results of measurements were recorded and analyzed immediately by the system after each walk. The accelerometer was calibrated through the registor inside the tri-axial accelerometer ADXL345 before each test, and all values of tri-axial accelerometric data would become zero as a datum point, which was the benchmark for the following recorded accelerometric values. To test the system without IR assist, the walking time was manually recorded. participants wore their usual shoes, excluding sandals, slippers, and high-heeled shoes. The wireless accelerometer unit was attached to the L3-L4 spinal segment of the lower back using an elastic belt. This position was chosen owing to its proximity to the center of mass, provided that the sensor is kept in the midline [13] . Participants were allowed 1.5 m for gait initiation and termination and 8 m for total walk. The middle 5 m was used for analysis and determined automatically by the system with and without IR assist ( Figure 2 ). Participants were instructed to walk safely in a usual manner.
The results of measurements were recorded and analyzed immediately by the system after each walk. The accelerometer was calibrated through the registor inside the tri-axial accelerometer ADXL345 before each test, and all values of tri-axial accelerometric data would become zero as a datum point, which was the benchmark for the following recorded accelerometric values. To test the system without IR assist, the walking time was manually recorded. participants wore their usual shoes, excluding sandals, slippers, and high-heeled shoes. The wireless accelerometer unit was attached to the L3-L4 spinal segment of the lower back using an elastic belt. This position was chosen owing to its proximity to the center of mass, provided that the sensor is kept in the midline [13] . Participants were allowed 1.5 m for gait initiation and termination and 8 m for total walk. The middle 5 m was used for analysis and determined automatically by the system with and without IR assist ( Figure 2 ). Participants were instructed to walk safely in a usual manner. The results of measurements were recorded and analyzed immediately by the system after each walk. The accelerometer was calibrated through the registor inside the tri-axial accelerometer ADXL345 before each test, and all values of tri-axial accelerometric data would become zero as a datum point, which was the benchmark for the following recorded accelerometric values. To test the system without IR assist, the walking time was manually recorded. 
Equipment
The IR-assisted, accelerometer-based gait analysis system is composed of a wireless sensor unit, an IR unit, a laptop, and a cloud storage database ( Figure 3 ). The wireless sensor unit contains a tri-axial accelerometer (ADXL345, Analog Devices, Norwood, MA, USA), a micro control processor (MSP430F5529, Texas Instruments, Dallas, TX, USA), a Bluetooth module (BlueMode+B20, Stollmann, Hamburg, Germany), and a lithium battery. The tri-axial accelerometer can sense accelerometric changes in the anterior-posterior (AP), medial-lateral (ML), and vertical (V) directions, and its characteristics permit a highly sensitive measuring range of˘2 g. The size of the wireless sensor unit (lengthˆwidthˆheight) measures 69.5ˆ45.5ˆ14.5 mm and the accelerometric data is digitized at a sample rate of 100 Hz. The battery capacity is 200 mAh and allows 6 h of continuous use. The IR unit has a micro-control processor Arduino nano with IR sensors (QJ-PT334-6B3, Tai-Ruey, Taichung, Taiwan) and IR emitters (QJ-IR333C-A, Tai-Ruey) placed at each end of the 5-m walk path at the midpoint, which allows the system to automatically record and analyze the accelerometric data ( Figure 2 ). The communication and data transmission between the laptop and accelerometer is through Bluetooth via the UART interface of a MSP430F5529 micro-control processor, and between the laptop and IR unit by transmission line via the UART interface of an Arduino Nano 3.0 with ATmega328 micro-control processor (Atmel, San Jose, CA, USA). After calibration of the accelerometer, the system started recording the acceleration data on the laptop while receiving IR signals at the start line, and ended recording the data while receiving IR signals at the end line. All data is automatically and wireless transferred and stored in the laptop and a central server, and is used to produce a real-time gait analysis result ( Figure 3 ). Flow charts of the system operation and signal-processing algorithm are illustrated ( Figure 4 ). 
The IR-assisted, accelerometer-based gait analysis system is composed of a wireless sensor unit, an IR unit, a laptop, and a cloud storage database ( Figure 3 ). The wireless sensor unit contains a triaxial accelerometer (ADXL345, Analog Devices, Norwood, MA, USA), a micro control processor (MSP430F5529, Texas Instruments, Dallas, TX, USA), a Bluetooth module (BlueMode+B20, Stollmann, Hamburg, Germany), and a lithium battery. The tri-axial accelerometer can sense accelerometric changes in the anterior-posterior (AP), medial-lateral (ML), and vertical (V) directions, and its characteristics permit a highly sensitive measuring range of ±2 g. The size of the wireless sensor unit (length × width × height) measures 69.5 × 45.5 × 14.5 mm and the accelerometric data is digitized at a sample rate of 100 Hz. The battery capacity is 200 mAh and allows 6 h of continuous use. The IR unit has a micro-control processor Arduino nano with IR sensors (QJ-PT334-6B3, Tai-Ruey, Taichung, Taiwan) and IR emitters (QJ-IR333C-A, Tai-Ruey) placed at each end of the 5-m walk path at the midpoint, which allows the system to automatically record and analyze the accelerometric data ( Figure 2 ). The communication and data transmission between the laptop and accelerometer is through Bluetooth via the UART interface of a MSP430F5529 micro-control processor, and between the laptop and IR unit by transmission line via the UART interface of an Arduino Nano 3.0 with ATmega328 micro-control processor (Atmel, San Jose, CA, USA). After calibration of the accelerometer, the system started recording the acceleration data on the laptop while receiving IR signals at the start line, and ended recording the data while receiving IR signals at the end line. All data is automatically and wireless transferred and stored in the laptop and a central server, and is used to produce a real-time gait analysis result ( Figure 3 ). Flow charts of the system operation and signal-processing algorithm are illustrated ( Figure 4 ). 
Gait Characteristics
Gait Speed was calculated by dividing the 5-m walking distance by the walking time automatically measured by the IR units at each end of the 5-m walk path. Without IR assist, the walking time was recorded manually.
The Number of steps was determined by the following formulas:
Total step count = Integer step count + The initial step + The last step (1)
Integer step count was detected by AP peak acceleration detection algorithms [15, 16] . The peak of the AP acceleration value was used as the point of initial foot contact ( Figure 5 ). The first and the last step were probably not an integer step. The initial step was estimated with the time interval between the start line and the first integer step divided by the average time interval between each step. The last step was estimated with the time interval between the last integer step and the end line divided by the average time interval between each step. Total step counts were calculated to the tenths place value from the tri-axial acceleration data with IR assist. Only the integer step count could be calculated by the system.
Cadence was calculated by dividing the total step count by the walking time.
Step length was calculated by dividing the 5-m distance divided by the total number of steps taken.
Acceleration Root mean square (RMS) in the AP, ML, and V directions was utilized to represent the average acceleration along each three-dimensional axis during the 5-m walking period.
Acceleration Root mean square ratio (RMSR) in the ML direction was calculated by dividing the RMS of the acceleration vector in the ML direction by the corresponding RMS acceleration vector magnitude [18] . The acceleration RMSR in the ML direction is associated with walking balance and has a common value at the preferred walking speed of healthy participants that can be used as a threshold for detecting gait abnormalities [11, 18] .
Gait Regularity of steps and stride in AP, ML, and V directions was estimated from the autocorrelation coefficient method proposed by Moe-Nilssen et al. [13] . The autocorrelation coefficient refers to the correlation of a time series with its own past or future values. The closeness of the autocorrelation coefficient to 1.0 reflects high step or stride regularity [19] . 
Total step count " Integer step count`The initial step`The last step (1)
Step length was calculated by dividing the 5-m distance divided by the total number of steps taken. Acceleration Root mean square (RMS) in the AP, ML, and V directions was utilized to represent the average acceleration along each three-dimensional axis during the 5-m walking period.
Gait Regularity of steps and stride in AP, ML, and V directions was estimated from the autocorrelation coefficient method proposed by Moe-Nilssen et al. [13] . The autocorrelation coefficient refers to the correlation of a time series with its own past or future values. The closeness of the autocorrelation coefficient to 1.0 reflects high step or stride regularity [19] .
Gait Symmetry in AP, ML, and V directions was derived from the ratio of the stride regularity to the step regularity [13] . We expressed this ratio as a percentage, where closeness to 100% reflected high gait symmetry. Gait Symmetry in AP, ML, and V directions was derived from the ratio of the stride regularity to the step regularity [13] . We expressed this ratio as a percentage, where closeness to 100% reflected high gait symmetry. 
Statistical Analysis
Nonparametric Kolmogorov-Smirnov testing was utilized to verify the normality of the data distributions prior to parametric testing. Paired sample t-tests were used to determine systematic differences between separate test sessions. Relative reliability was expressed as two-way mixed single-measures type absolute intra-class correlation coefficients (ICC3,1) with associated 95% confidence intervals. Reliability or agreement was considered excellent above ICC values of 0.75, good between values of 0.59 and 0.75, fair between values of 0.40 and 0.58, and poor for values below 0.40 [16, 20] . The smallest detectable difference (SDD) was calculated from the standard error of measurement (SEM) to quantify the absolute reliability of the measures [21, 22] . SEM and SDD values and their corresponding 95% confidence intervals were calculated using the following formulas [23] :
where SD is the standard deviation of all test scores and rtest-retest is the ICC3,1 derived test-retest reliability. The SDD can also be expressed as a percentage of the SDD divided by mean of measurements [24] . We used Bland-Altman plots with 95% confidence interval agreement limits to visualize the agreement between two repeated measurements [25] . All data were analyzed with IBM SPSS 22.0 Statistics software.
Results
In total, 35 healthy adults (Age: 23-79 years, Height: 161.5 ± 7.9 cm, Weight: 61.6 ± 1 3.9 kg) consisting of 7 men and 28 women agreed to participate in the study. All adults were able to perform the test on two separate occasions in accordance with test requirements. The method of measuring total step count was validated by a video motion analysis and the error for total step count was 0.1 step. Characteristics of the study participants are shown (Table 1 ). 
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Nonparametric Kolmogorov-Smirnov testing was utilized to verify the normality of the data distributions prior to parametric testing. Paired sample t-tests were used to determine systematic differences between separate test sessions. Relative reliability was expressed as two-way mixed single-measures type absolute intra-class correlation coefficients (ICC 3,1 ) with associated 95% confidence intervals. Reliability or agreement was considered excellent above ICC values of 0.75, good between values of 0.59 and 0.75, fair between values of 0.40 and 0.58, and poor for values below 0.40 [16, 20] . The smallest detectable difference (SDD) was calculated from the standard error of measurement (SEM) to quantify the absolute reliability of the measures [21, 22] . SEM and SDD values and their corresponding 95% confidence intervals were calculated using the following formulas [23] :
where SD is the standard deviation of all test scores and r test-retest is the ICC 3,1 derived test-retest reliability. The SDD can also be expressed as a percentage of the SDD divided by mean of measurements [24] . We used Bland-Altman plots with 95% confidence interval agreement limits to visualize the agreement between two repeated measurements [25] . All data were analyzed with IBM SPSS 22.0 Statistics software.
Results
In total, 35 healthy adults (Age: 23-79 years, Height: 161.5˘7.9 cm, Weight: 61.6˘13.9 kg) consisting of 7 men and 28 women agreed to participate in the study. All adults were able to perform the test on two separate occasions in accordance with test requirements. The method of measuring total step count was validated by a video motion analysis and the error for total step count was 0.1 step. Characteristics of the study participants are shown (Table 1) . With IR assist, the test-retest reliability analysis including ICC 3,1 , SEM, and SDD values are shown (Table 2 ). Paired t-test showed no significant differences between the two tests for all measured parameters. ICC 3,1 values were 0.87 (m/s) for velocity, 0.81 (step/min) for cadence, 0.81 (cm) for step length, and 0.81 (unitless) for the acceleration RMSR in the ML direction. ICC 3,1 values for acceleration RMS were 0.74, 0.83, 0.88 in AP, ML, and V directions, respectively. SDD values were 0.18 (m/s) (13.4%) for velocity, 15.18 (steps/min) (10.8%) for cadence, 6.97 (cm/step) (12.2%) for step length, and 0.13 (unitless) (26%) for the acceleration RMSR in ML direction. SDD values for acceleration RMS were 0.061 (44.5%), 0.055 (41.1%), and 0.042 (21.4%) in AP, ML, and V directions, respectively. The Bland-Altman plots of basic spatiotemporal parameters (walking speed, cadence, step length) and acceleration RMSR showed that the data were not heteroscedastic ( Figure 6 ). Limits of agreement were´0.25 and 0.23 (m/s) for walking velocity,´20.18 and 19.32 (step/min) for cadence,´9.45 and 8.67 (cm) for step length, and´0.17 and 0.15 (unitless) for the acceleration RMSR in the ML direction. Table 2 . Results for reliability assessment of IR-assisted accelerometer-based system in measuring gait parameters in healthy participants. Step IR infrared, ICC interclass correlation coefficient; SEM standard error of measurement; SDD smallest detectable difference; AP anterior-posterior; ML medial-lateral; V vertical; RMS root mean square; RMSR root mean square ratio.
Values of ICC 3,1 for step regularity were 0.79, 0.64, and 0.55; ICC 3,1 values for stride regularity were 0.83, 0.72, and 0.76; and gait symmetry were 0.63, 0.38, 0.62, in the AP, ML, and vertical directions, respectively. The range of SDD values for gait symmetry, step regularity, and stride regularity were higher in the ML direction (SDD: 34.2%-43.2%) than in the AP or V directions (SDD: 14.7%-25.7%).
Without IR assist, the test-retest reliability was excellent for walking speed (ICC = 0.77), but good for step length (ICC = 0.60) and poor for cadence (ICC = 0.35). 
Discussion
This study showed that an automated IR-assisted, accelerometer-based gait analysis (AGA) system had excellent test-retest reliability in measuring spatiotemporal gait parameters (velocity, cadence, and step length) and trunk control (step and stride regularity in AP direction, acceleration RMS and acceleration RMSR in ML direction, and acceleration RMS and stride regularity in V direction) in a clinical setting. The reliability of gait regularity and symmetry measures was lower in the ML direction than the AP or vertical directions. Spatiotemporal gait parameters derived from the accelerometric data were much more reliable with IR assist than without IR use.
Few reliability studies on the AGA system of healthy participants had been performed in a hospital. Henriksen et al. arranged a total 10 m walk with photoelectric sensor assist in a hospital. Excellent ICC values (0.77-0.96) for cadence, stride length, step length, and acceleration root mean square (RMS) value were reported [9] . Senden et al. used a 20 m walk without IR assist in the hospital environment. Excellent repeatability for basic gait parameters (i.e., step length, cadence, speed, step time) (ICC = 0.902-0.997) but lower repeatability for gait symmetry and regularity (ICC = 0.509-0.787) were found [12] . They used the difference between the right and left step time divided by the bilateral average to estimate gait symmetry, and the standard deviations of the right and left step time to evaluate gait regularity, but not the autocorrelation method proposed by Moe-Nilssen et al. [13] . The excellent results of our studies were in accordance with previous AGA reliability studies regarding spatiotemporal gait parameters (velocity, cadence, step length) and trunk control (acceleration RMS). To our best knowledge, no accelerometric studies reported the reliability of gait symmetry and regularity with autocorrelation methods [13] , the acceleration RMSR, and the degree of body sway [11] in clinical settings. Our study for the first time demonstrated that the IR-assist AGA system had excellent reliability of trunk control (step and stride regularity in AP direction; acceleration RMS and acceleration RMSR in ML direction; acceleration RMS and stride regularity in V direction). These findings suggested that the IR-assist, AGA system has its suitability for clinical gait analysis.
In our study, the absolute reliability for gait symmetry in the ML direction is considerably larger (SDD = 34.2%) than that in the AP (SDD = 18.8%) or V (SDD = 16.3%) direction, which suggests that caution should be taken when evaluating symmetry in the ML direction by the auto-correlation method. These findings are in accordance with a previous study presented by Tura et al. [26] , which demonstrated that autocorrelation coefficients calculated in the AP and vertical directions showed superior sensitivity to those in the ML direction. The lower reliability for symmetry in the ML direction might be associated with natural functional differences between the lower extremities, such as laterality [27] , pelvic rotation in the transverse plane [28] , or smaller ground reaction force in the ML direction than the vertical direction during walking [29] . Therefore, in the ML direction, the acceleration RMSR may be a more appropriate measure than symmetry and regularity in accelerometer-based gait analysis. Conversely, gait symmetry and regularity in the AP and V directions are more reliable measures than in the ML direction in that they demonstrate relatively lower SDD values.
There are several advantages to combining IR sensors with an AGA system, especially when walking distance may be limited in the hospital environment. First, IR could make the accelerometer-base system more reliable than without IR assist. Our study showed spatiotemporal gait parameters derived from the accelerometric data were much more reliable with IR assist than without IR use. One can automatically detect walking time by IR and avoid the likelihood of measurement error associated with the stopwatch manual method, which depends largely on the examiner's skill [30] . Second, IR can unambiguously define the moment of gait initiation and termination (Figure 4) , which makes it possible to calculate step count accurately to one decimal point through the accelerometric data of the initial and the last step per measurement. The accuracy of the total step count is important, especially when a participant walks a short distance, because the accuracy of basic spatiotemporal gait parameters, such as cadence or step length, was largely dependent upon accurate step count measurement. Using the peak AP acceleration algorithms or the autocorrelation method alone could only estimate integer walking steps [13] . Third, the IR unit in our system was only 60 cm in height, making it portable and highly accessible when combining the AGA system.
Previous studies have shown the significance of the acceleration RMSR in the ML direction in detecting differences with accelerometer-based gait analysis [11, 18] . Sekine et al. stated that comparing the acceleration RMSR in the ML direction as a measure of the degree of body sway between normal and hemiplegic participants revealed significant differences. The RMSR in the ML direction is representative of balance control, whereas the RMSR in the AP or vertical direction is associated with forward movement [18] . This difference renders the RMSR in the ML direction a more effective measure for detecting differences through gait analysis. Furthermore, Matsushima et al. found that the RMSR in the ML direction is significantly different in ataxic patients compared to healthy control participants [11] . Our study demonstrates that acceleration RMSR in the ML direction is a reliable indicator, measured by an IR-assisted, AGA system in a 5-m walk, which suggests its potential role in clinical rehabilitation.
There are some limitations to this study. The number of participants was small, albeit comparable with other reliability studies [9, 12] . Although limited repositioning errors on the lumbar spine have been reported, there may have been variability in the positioning of the accelerometer with the elastic belt between the two assessments due to positioning errors [31] .
Conclusions
An automated IR-assisted, accelerometer-based gait analysis system is a reliable tool for assessing spatiotemporal gait parameters and trunk control (step and stride regularity in AP direction, acceleration RMS and acceleration RMSR in ML direction, and acceleration RMS and stride regularity in V direction) of healthy participants in the hospital. Spatiotemporal gait parameters derived from the accelerometric data were much more reliable with IR assist than without IR use in a 5-m walk. Future reliability studies regarding clinical application of this system in different groups of patients are warranted.
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